Rod photoreceptors consist of an outer segment (OS) and an inner segment. Inside the OS a biochemical machinery transforms the rhodopsin photoisomerization into electrical signal. This machinery has been treated as and is thought to be homogenous with marginal inhomogeneities. To verify this assumption, we developed a methodology based on special tapered optical fibers (TOFs) to deliver highly localized light stimulations. By using these TOFs, specific regions of the rod OS could be stimulated with spots of light highly confined in space. As the TOF is moved from the OS base toward its tip, the amplitude of saturating and single photon responses decreases, demonstrating that the efficacy of the transduction machinery is not uniform and is 5-10 times higher at the base than at the tip. This gradient of efficacy of the transduction machinery is attributed to a progressive depletion of the phosphodiesterase along the rod OS. Moreover we demonstrate that, using restricted spots of light, the duration of the photoresponse along the OS does not increase linearly with the light intensity as with diffuse light.
Rod photoreceptors consist of an outer segment (OS) and an inner segment. Inside the OS a biochemical machinery transforms the rhodopsin photoisomerization into electrical signal. This machinery has been treated as and is thought to be homogenous with marginal inhomogeneities. To verify this assumption, we developed a methodology based on special tapered optical fibers (TOFs) to deliver highly localized light stimulations. By using these TOFs, specific regions of the rod OS could be stimulated with spots of light highly confined in space. As the TOF is moved from the OS base toward its tip, the amplitude of saturating and single photon responses decreases, demonstrating that the efficacy of the transduction machinery is not uniform and is 5-10 times higher at the base than at the tip. This gradient of efficacy of the transduction machinery is attributed to a progressive depletion of the phosphodiesterase along the rod OS. Moreover we demonstrate that, using restricted spots of light, the duration of the photoresponse along the OS does not increase linearly with the light intensity as with diffuse light.
phototransduction | rhodopsin | phosphodiesterase | cGMP diffusion | optical fiber V ertebrate photoreceptors, rods and cones, are morphologically specialized light sensing neurons and consist of four parts: an outer segment (OS), an inner segment (IS), the nuclear region, and the synapse (1) . The OS of rod photoreceptors is stacked with thousands of lipid discs containing rhodopsin molecules that absorb photons (2) (3) (4) . They are surrounded by a plasma membrane and differ in their lipid and protein composition.
It is known that within 1 s, each excited rhodopsin, densely packed in the disc membrane, activates tens of G proteins (named transducin), each of which activates one phosphodiesterase (PDE) molecule (5) (6) (7) . Activated PDEs rapidly hydrolyze cytoplasmic cyclic guanosine monophosphate (cGMP) thereby closing cyclic nucleotide-gated (CNG) channels (8, 9) . In darkness, a current carried by Na + , K + , and Ca 2+ ions, which is known as the photocurrent, enters via the CNG channels into the OS and is pumped out by Na + /K + ATPase, located in the IS (1) . This current can be recorded using suction electrodes (3, 10) .
The existence of distinct compartments on photoreceptor OSs is a consequence of their function. The OS is a highly modified nonmotile cilium developed for the absorption of light that is translated into the electrical signal. The IS and the nuclear region-containing the organelles and the nucleus-are dedicated to metabolism, homeostasis, and synthesis of the membrane and transportation of proteins and lipids supplied to the OS by an extensive trafficking through the tight restriction connecting the OS to the IS (11) . Considering that, unlike typical cilia, the OS is continuously renewed throughout its entire life and given the varying density and asymmetry of the molecules involved, it is not surprising to find an efficacy gradient of phototransduction between the base and the tip. Indeed, the cholesterol (12, 13) , the phospholipids (13) (14) (15) , the CNG channels, the PDE (16) , and the rhodopsin molecules (12) have different distributions between discs and plasma membranes; moreover, cholesterol (12, 13) and PDE (16) also have a different spatial distribution along the OS.
The biochemical machinery underlying phototransduction has been thoroughly investigated and described in a quantitative way (1) . Previous studies in the early 1980s have demonstrated a lower sensitivity and slower kinetics of flash responses (3, 17, 18) at the tip of the OSs and that the amplitude of the single photon response is smaller at the OS tip than at the OS base (18) . Despite these experimental observations, most of the models of phototransduction, developed subsequently, assumed a homogeneous efficacy of the transduction machinery along the OS (1, (19) (20) (21) (22) . In the present paper, by using highly confined spots of light obtained with apertureless tapered optical fibers (TOFs), we reveal that the biochemical machinery inside the rod OS has a gradient of efficacy much larger than previously thought (17, 18) , demonstrating that the assumption of a homogeneous OS is not true. By using better technology, it is possible to obtain more confined spots of light necessary to uncover that OSs, not only have a specialized and different structure and function from that of ISs, but
Significance
Phototransduction is now considered to be a quite thoroughly understood phenomenon. It is well known that new discs are continuously generated at the base of the outer segments (OSs) and old discs are shed at their tip, but the rod OSs are considered a well-stirred compartment with minor inhomogeneities. To verify this assumption and to better understand the machinery within the OS, we developed a new methodology to deliver highly localized lights. We found that, as the light stimulus is moved from the OS base toward its tip, the amplitude of saturating and single photon responses decreased by 5-10 times. This gradient of efficacy is attributed to a progressive loss of phosphodiesterase. Therefore, OSs are highly inhomogeneous compartments.
are also formed by inhomogeneous compartments (the internal discs) and that the efficiency of the transduction machinery is 5-10 times lower at the OS tip than at the base. A progressive depletion of PDE might represent a possible explanation of both this loss of efficacy and the role of PDE and cGMP diffusion in determining the peculiar kinetic features of the photoresponses we obtained by these highly confined flashes of light.
Results
The typical light exiting a conventional optical fiber resembles a Gaussian profile (23) . To increase the spatial confinement of the exiting beam, therefore its resolution, we searched for optical fibers able to deliver highly localized light beams. In particular, we used commercially available apertureless TOFs with an Au/Ti metallic coating (Materials and Methods).
Photoresponses to Localized Spots of Light Produced by Apertureless
Fibers. We compared the photoresponses of isolated rods from Xenopus laevis in response to conventional diffuse light and to restricted illumination (17, 18, 23) by using TOFs fed with a laser light of 491 nm. The IS of an isolated intact rod was drawn into a suction electrode (3, 10, 24, 25) , which was then moved toward the TOF that was positioned orthogonally (Fig. 1A and SI Appendix, Fig. S1 ) touching the middle of the rod OS, so that its axis was at a distance less than 5 μm from the TOF apex. Photoresponses to diffuse light flashes had amplitude varying between 12 and 30 pA with the usual kinetics (Fig. 1B) . If the TOF had a hole of 100-300 nm in its metallic coating, the exiting light exhibited a Gaussian profile. Light flashes produced by these TOFs evoked photoresponses that had a very similar amplitude and time course (gray traces in Fig. 1C ) to those evoked by diffuse illuminations (black trace in Fig. 1C) .
A different behavior was observed using apertureless TOFs ( Fig. 1D ): Photoresponses to saturating bright lights had smaller amplitudes with a different time course and did not increase in their duration when the light intensity was doubled (dark gray traces in Fig. 1D ). Indeed, the amplitude and time course of the photoresponse to a saturating flash with the intensity 2I was very similar to the photoresponse to a flash of light with the intensity Therefore, we measured the wavefront of the exiting light of various TOFs and the corresponding evoked photoresponses, calculating the ratio of amplitude of saturating photoresponses to restricted and diffuse illuminations ( Fig. 1 E-L) . When the wavefront of the light exiting from apertureless TOFs had a Bessel-like (BL) profile with a width from 10 to 14 μm (Fig. 1E , BL) this ratio was equal to 0.72 ± 0.10. Wavefronts with a tophat-like profile had a width of about 6-9 μm (top-hat-like wide, THw) (Fig. 1F , THw) and could also be narrower (top-hat-like narrow, THn) with a width from 2 to 5 μm (Fig. 1G , THn) and the corresponding ratios of evoked saturating photoresponses were equal to 0.32 ± 0.04 and 0.11 ± 0.05, respectively ( Fig. 1 J and K, OS middle). With wavefronts reminiscent of a truncated Bessel function, the saturating photoresponses had an amplitude more similar to that of diffuse light (Fig. 1I ) and were larger than those obtained with TOFs with a top-hat profile (Fig. 1L) . A confirmation of these wavefront profiles was obtained with simulation analysis (SI Appendix, Figs. S3-S6). The THn was not extensively used because, at the OS tip, it did not elicit any detectable photoresponse (Fig. 2) . Every time that we move the TOF along the OS, we also verify that the amplitude of the response obtained with the diffuse light is stable. With this procedure we rule out the possibility that the smaller photoresponses obtained with localized spots of light are caused by a progressive deterioration of responsiveness of isolated rods.
The BL, THw, and THn fibers produce on the OS spots of light with a diameter of ∼12, 8, and 3 μm, respectively (Fig. 2 A-C) . When the BL TOF was used, the average fractional amplitude of the maximal photoresponse at the base, middle, and tip was 0.96 ± 0.03, 0.72 ± 0.10, 0.49 ± 0.10, respectively (Fig. 2D) . These values decreased to 0.52 ± 0.08, 0.32 ± 0.04, and 0.15 ± 0.05 when the THw TOF was used (Fig. 2E ) and no appreciable photoresponses could be detected at the tip of the OS when a THn TOF was used (Fig. 2F) ; in fact the average fractional amplitude of the maximal photoresponse at the base, middle, and tip was 0.31 ± 0.03, 0.11 ± 0.01, and 0.02 ± 0.02, respectively. When the base of OS was illuminated with a THn apertureless TOF, the average fractional amplitude of the maximal photoresponse was 0.31 ± 0.03 (compare black and blue traces in Fig.   2G ) and when the light intensity was doubled, the time course of the photoresponse remained unaltered. Therefore, regardless of the type of profile, TOFs emitting a beam of light concentrated within 6-9 μm (Fig. 1 F and L, THw) were selected for our experiments described below.
We also used the rod itself as a light detector. In these experiments, when the TOF was at 1-3 μm from the OS center (Fig. 3A) , a photoresponse of about 5 pA was recorded, which increased up to 12 pA when the OS center was at about 10 μm from the TOF apex (Fig. 3B ), indicating that a large portion of the OS was illuminated. The photoresponse decreased to 8 pA when the OS was moved up by 30 μm (Fig. 3C ), consistently with a decreased intensity of the light impinging on the OS. When the OS was moved laterally, the amplitude of the evoked photoresponse progressively decreased (Fig. 3D ) and was about 1.5 pA when the TOF was moved to the OS tip (Fig. 3E) . These observations indicate that the light exiting from the apertureless TOF has a significant far-field component highly confined in a cone exiting from its apex with an angle that varied from 10°to 30°. When the laser impinging on the apertureless TOF is switched on, the temperature of the TOF apex is expected to increase and this transient increase in temperature (26) could affect the photocurrent. This temperature increase diffuses in all directions and therefore we compared photoresponses when the OS was in the light cone exiting from the TOF (Fig. 3E ) and at the same distance but with the OS outside the light cone (Fig. 3F) . No photoresponses were evoked in these conditions, indicating that transient temperature increase has a negligible effect on rod photocurrent.
Phototransduction Has an Efficacy Gradient Along OS. We delivered restricted illuminations at various locations of the OS (Fig. 4 , Insets) using light flashes with intensities increasing by three to four orders of magnitude, eliciting near threshold and saturating photoresponses. Photoresponses to diffuse (black traces) and restricted light (colored traces) differed in several fundamental features. First, when the base was illuminated (Fig. 4A ), saturating photoresponses had fractional amplitudes equal to 0.52 ± 0.08 compared with those elicited by diffuse light (i.e., ∼50% of the dark current). When the middle was illuminated (Fig. 4B ), the saturating photoresponses had lower fractional amplitudes of 0.32 ± 0.04 (Fig. 4D) . At the tip of the OS (Fig. 4C ), the photoresponses had fractional amplitudes of 0.15 ± 0.05 compared with the photoresponses evoked using diffuse light (Fig. 4D ). Photoresponses to diffuse bright light peaked at 190 ± 4 ms ( Fig.  4E ), whereas photoresponses to restricted bright light peaked at 480 ± 40 ms, 560 ± 20 ms, and 620 ± 80 ms at the base, middle, and tip of the OS, respectively (Fig. 4E) . The relation between light intensity I and the normalized amplitude of photoresponse A/A max was fitted by the usual Michaelis-Menten relation ( Fig.  4F ) for diffuse illumination (black circles) and when apertureless TOFs (dark red, orange, and green circles) and TOFs with a hole of 100-300 nm (gray circles).
We computed also the spatial profile of the efficacy of the transduction machinery by displacing progressively the apertureless TOF from the rod OS base to its tip and vice versa. In the experiment shown in Fig. 5 , the amplitudes of the saturating photoresponse at the base and middle of the OS were 13.4 pA and 6.6 pA, respectively (Fig. 5A ). When the TOF was further moved toward the tip, the amplitude of the photoresponse decreased with an almost linear profile and was 2.5 pA near the tip and 1.5 pA at the very tip ( Fig. 5 A and B) . Collected data from more than 50 different experiments confirm that the efficacy of the phototransduction machinery decreases almost linearly from the base to near the tip (Fig. 5C ).
Photoresponses caused by restricted illumination at various OS locations differed not only in amplitude (Fig. 4 ) but also in additional kinetic properties (Fig. 6 ), thus providing clues regarding the origin of the efficacy gradient of the phototransduction machinery. For this reason, we analyzed in details two parameters: the saturation time (T S ) and the slope of the rising phase (V). Using diffuse bright light of increasing intensity, the T S (i.e., the period in which all CNG channels were closed) increased almost linearly with the logarithm of the light intensity (27) (Fig. 6E ), but not with restricted illuminations. When photoresponses reached their maximal amplitude, they did not increase their duration when the light intensity was further increased (Fig. 6 A-E) (for details see SI Appendix, SI Text, section B). Moreover, whereas the time to peak of dim flash responses was longer at the tip than at the middle and at the base (SI Appendix, Fig. S8 A and B) the time course of the recovery following a not saturating photoresponse was similar (SI Appendix, Fig. S8C ). The slope V of photoresponses increased with the diffuse brighter lights (Fig. 6A) ; in the presence of restricted lights ( Fig. 6 B-D) , V saturated at all locations and reached a plateau value (V max proportional to the concentration of the total PDE; for details see SI Appendix, SI Text and Fig. S9 ), which was larger at the OS base than at its tip by nearly 10-fold (Fig. 6F ). These observations suggest that a local saturation of the transduction machinery was reached during the rising phase of the photoresponses (Fig. 6F) , i.e., before the intervention of the Ca 2+ feedback (28) on the guanylate cyclase (GC) activity (29, 30) , responsible for light adaptation, consistently with the linear relationship between V and the amplitude of photoresponse independent of the position of the light stimulus (Fig.  6G ) and with the notion that the rising phase of photoresponses is not depending on the Ca 2+ feedback (28) . We also confirmed that the conductance of CNG channels is similar along the OS, analyzing the current obtained with patchclamp recordings (SI Appendix, Fig. S7 ). The strong gradient in the efficacy of the transduction machinery is likely associated with a lower amplification of the signaling cascade also present when very few photons are absorbed. Therefore, we investigated photoresponses to very dim flashes, as low as corresponding to a single photon absorption, and we compared photoresponses evoked by diffuse light and by TOF at the three positions. With diffuse light (Fig. 7A) , we observed a significant variability with undetectable photoresponses (null events) as well as clear, single, and multiple events. From these data, we obtained amplitude histograms (Fig. 7B) revealing the expected quantal behavior described by the Poisson distribution with a single photon response of 0.29 ± 0.10 pA. Also at the OS base (Fig. 7C) , we observed a significant variability with null, single, and multiple events. From these data, we obtained amplitude histograms (Fig. 7D ) with a single photon response of 0.30 ± 0.11 pA. When the TOF was moved to the middle of the rod (Fig. 7E) , similar single photon responses but with a smaller amplitude of 0.21 ± 0.12 pA (Fig. 7F) were observed, but not when the TOF was moved near the tip of the OS (Fig. 7 G and  H) . These results obtained in the same rod were confirmed in other The comparison of the current in A and B indicated that the light beam had a conical shape with an angle of about 30°. In addition, by increasing the distance, a larger portion of the OS was illuminated, and a larger photoresponse was recorded. By comparing traces in C and D (moving the TOF 20 μm), we inferred that this cone of light was restricted. Moving the TOF at the tip position of the OS, a significant decrease in the photoresponse was observed (E). When the fiber was slightly shifted to the rod OS (F), but within a close distance from it, no photoresponses were evoked.
rods. In three rods we compared the single photon response at the base and in the middle, and in five rods we could not see any single photon fluctuations at the OS tip but they were seen in the middle or at its base; as control, two rods were tested with diffuse light. In this case, the same illumination evoking clear photoresponses at the base and in the middle of the OS did not evoke any detectable photoresponse at the tip. When the flash intensity was further increased, small photoresponses were observed, which did not have the randomness expected from single photon events ( Fig. 7 I and J) , demonstrating that the reduction of efficacy is due to a reduced amplification and not to a lower probability of rhodopsin absorption. A confirmation is given by the same mean number of events per trial at the base and middle (Fig. 7) . Moreover, because of its high density on the discs (25,000 Rh/μm 2 ), rhodopsin concentration cannot be responsible for the different kinetics and amplitude of the responses at each position and, especially, at each light intensity (also saturating). We can also rule out the possibility of a different photon absorbance along the OS, on the basis of the data shown in Fig. 7 I and J. Indeed if the difference between base and tip was due to a different number of Rh* (i.e., different absorbance), then by increasing the intensity of the flash, a single photon response would also appear at the tip, but this is not observed (Fig. 7 I and J) . Thus, the null responses observed using diffuse flashes (3, 31) attributed to the failure in activating rhodopsin molecules could also be caused by the activation of a rhodopsin molecule at the tip of the OS, where the phototransduction is much less effective. We also noticed that the time course of the single photon response is very similar for restricted lights delivered at the base and at the middle of the rod OS (SI Appendix, Fig. S8D ).
Discussion
The results here described show that, by using apertureless TOFs, it is possible to excite the rod OS with highly confined spots of light. In rod photoreceptors, when the TOF is moved from the OS base to its tip, the slope of the rising phase (Fig. 6F) , the amplitude of saturating photoresponses (Fig. 4D) , and the amplitude of the single photon response (Fig. 7) decrease about 5-10 times. Therefore, the phototransduction machinery at the tip is about 5-10 times less effective than at the base or at the middle of the OS.
Previous investigations also reported that the base of the rod OS was more sensitive than its tip (17, 18) by at most twofold. These differences were considered as minor deviations from a uniform distribution of the components of the biochemical machinery underlying phototransduction. Quantitative models (20) (21) (22) , based on this assumption, were able to reproduce remarkably well almost all available experimental data, thus validating this assumption. However, the observation that the duration of the photoresponse, using restricted spots of light, does not increase linearly with the light intensity (Fig. 6 B-E) cannot be explained by any simple modification of these models (for details see SI Appendix, SI Text, section B, and Fig. S10 ). The differences about the saturation time between photoresponses obtained with restricted and diffuse light can be explained only by the existence of several compartments where the local concentration of key factors varies significantly and by the different diffusivity of these key factors between adjacent compartments (i.e., low or absent for rhodopsin, transducin, and PDE but significant for cGMP). In a homogeneous set of compartments the prolongation of the duration of photoresponses is caused by progressively stronger activation of the biochemical machinery. In the presence of many compartments the biochemical machinery will be differently activated by the light; in some of them the biochemical machinery will be saturated and photons absorbed will not contribute to the prolongation of photoresponses, which is caused only by photons absorbed in compartments where the biochemical machinery is not saturated. Therefore, appropriate models of phototransduction must be based on the use of a series of interconnected compartments (20) (21) (22) . These models, however, will need a careful definition of many parameters inside the rod OS and it will be necessary to determine the concentration of the proteins known to be involved in phototransduction through cryosection methods (32) , keeping in mind the existence of soluble and membrane-bound proteins.
The OS is continuously generated at their base during the entire life of the rod cells, probably as an initial invagination of the plasma membrane which then becomes sealed to generate mature discs (33) ; in this way, both old discs and plasma membranes (localized at the tip) are replaced simultaneously (33) . The formation of new discs is balanced by the shedding at the OS tip (34) , where old discs and plasma membrane are phagocytosed by the retinal pigment epithelium (RPE) (35) with a turnover ranging from about 10 days in mice (34) to 6-7 weeks in frogs (31, 34, 36) . The molecular mechanisms for the degradation of distal photoreceptor OS and its role in phototransduction is still unknown (12, 16, 33, 36, 37) . It is widely accepted that the ongoing renewal of discs is part of a normal process to replace and prevent the accumulation of damaged macromolecules. The principal source of damage is the continuous absorption of light that induces a photooxidative stress, which can be overcome by the renewal of the OS lacking of a common antioxidant defense system like glutathione (38) . It is hypothesized that the mechanisms used by RPE to phagocytize are the same generally used for apoptotic cells. In fact a recent study (35) demonstrates that the phosphatidylserine (PS)-a normal lipid component of the OS membrane-becomes exposed, via specific scramblase, immediately before the disc shedding and the RPE thanks to a specific receptor-ligand interaction that is able to bind. However, the input that starts the tip shedding and the way that the aging of the discs causes the loss of efficacy have not been understood yet. Our study, revealing a gradient along the OS, suggests that the disc shedding is beneficial by removing the low efficacy tips of the OS.
It is known that the density of the CNG channels along the OS is uniform (33, 39, 40) and have the same conductance (SI Appendix, Fig. S7 ), therefore the observed gradient of efficacy is associated with the amplification steps between rhodopsin activation and the hydrolysis of cGMP molecules. Therefore, we asked which protein (i.e., rhodopsin, transducin, PDE) and which amplification step is responsible for the efficacy gradient. All these proteins are bound to the disc membrane: rhodopsin molecules span the membrane, whereas transducin and PDE (15) are peripherally anchored to the cytoplasmic surface of the discs. In particular, transducin is attached by weak hydrophobic and ionic interaction, whereas PDE by geranylgeranylation and farnesylation, and both are lipid composition dependent. In mouse, the diffusion coefficient for activated rhodopsin is 1. (1) . Because the relative concentration of rhodopsin:transducin:PDE is 270:27:1 (1), in the case of restricted illumination, PDE-i.e., the less abundant protein-becomes the limiting factor of the amplification. Through a detailed analysis of the results and by a minimal mathematical model, we were able to exclude other limiting factors and any limiting kinetics (SI Appendix, SI Text, section A and Fig. S9) . As a result, we propose that the limited availability of PDE is responsible for the saturation of the photoresponse elicited by restricted light. With diffuse light, in contrast, all discs are illuminated and the limiting factor is the number of available CNG channels: indeed on the entire rod OS the relative concentration of PDE:CNG channels is 25:1 (1). Therefore, the limited number of locally available PDE molecules could be responsible for the efficacy gradient along the OS. The longer delay in which photoresponses to restricted light reach their peak is presumably caused by the internal diffusion of the second messenger cGMP; activated PDEs in the illuminated compartment quickly hydrolyze cGMP molecules, whereas cGMP present in the neighboring compartments will diffuse inside. With diffuse light, this extra delay is not present because cGMP is hydrolyzed everywhere by the nearly uniform activation of PDEs. These results were used to estimate the cGMP diffusion coefficient (D cGMP ) (30, 37, 42 ). With our model (SI Appendix, SI Text, section C and Fig. S11 ), the value of the intracellular diffusion for cGMP is D cGMP equal to 220 and 360 μm 2 /s. Sensory transduction in vertebrate rods uses two intracellular messengers Ca 2+ ions and cGMP molecules, which diffuse in very different ways: Ca 2+ ions are highly buffered, act locally, and for this reason do not need a fast diffusion (30) , whereas cGMP molecules diffuse easily and counterbalance the inhomogeneity of phototransduction efficacy inside the OS. If the phototransduction machinery demonstrates a high gradient of efficacy, then how can light close CNG channels at the tip of the rod OS, where the phototransduction machinery is not so efficient? The relatively high value of D cGMP provides insight to this question: CNG channels at the tip of the OS are closed because cGMP molecules diffuse toward the PDE molecules activated by light.
Compartmentalization as a basic feature of the transduction machinery in rods could also be a characteristic of other sensory neurons, such as cones (38, 43) and olfactory sensory neurons (44) (45) (46) (47) and could explain the high turnover and renewal of these cells. Not only sensory neurons, which have an intrinsic functional specialization, are likely to be compartmentalized but possibly the great majority of cells have a similar internal organization. Indeed, the existence of micro and nano domains of Ca 2+ ions inside cells is well known (48) and compartmentalization of the cell interior seems a requirement for the appropriate functioning of second messengers, such as Ca 2+ ions and cyclic nucleotides. The existence of membrane-bound and cytosolic forms of proteins with different diffusion coefficients (49) is another ingredient of the widespread compartmentalization inside cells.
Recent developments of chemistry have provided biology with an increasing number of light-sensitive compounds with major biological relevance. There is now a large selection of caged molecules that can be released by light photolysis (50), such as calcium ions (51), glutamate (52) , and GABA (53) The engineering of light-sensitive ion channels, such as the light-activated glutamate channel (54), the light-activated potassium channels (55) , and those based on modifications of the rhodopsin molecule, such as the light-gated proton channel, channelrhodopsin (56) , and the choloride ion pump halorhodopsin (57), offer biologists powerful tools to investigate both the cellular compartmentalization and the organization of neuronal networks. A light switch can also be inserted in metabotropic receptors such as the adrenergic receptor (58) and in specific proteins such as Rac (59) . These novel probes also provide the opportunity to analyze the biological effects of the activation of a reduced number of ion channels, receptors, and proteins possibly at a single molecule level (60) . In this case, it is mandatory to have light beams with well-defined wavefront profiles, possibly without the Gaussian lobes present when standard light sources are used. With conventional optical components it is certainly possible to have spots smaller than 1 μm, but only by using high numerical aperture (N.A.) objectives (larger than 1-1.3), which are not ideal for electrophysiological experiments when it is necessary to have a visual control during the manipulation of electrodes and cells. Apertureless TOFs produce spots of light confined in a cylinder of height of about 10 μm with a diameter that could be varied from 2 to 14 μm (Fig. 1H) . By exciting the rod OS with these TOFs, novel properties of phototransduction are obtained.
These apertureless TOFs can also be used in optogenetics, for the activation of light-sensitive ion channels in specific regions of a neuron such as distal dendrites and/or single spines of a cell. These TOFs allow the activation of a very limited number of lightsensitive receptors and proteins and to investigate their efficacy with unprecedented accuracy. Highly confined spots of light could be obtained with TOFs with microoptics at their tip (61) producing top-hat-like wavefronts propagating over some tens of micrometers with specific width and with a limited divergence.
Materials and Methods
Isolated Photoreceptors from the Retina. Dissociated rods were obtained from adult male Xenopus laevis frogs (Xenopus express, Ancienne Ecole de Vernassal, Le Bourg, France) as previously reported (62, 63) . OS lengths for green-sensitive and blue-sensitive rods (64) where 31 ± 1 μm (n = 85) and 26 ± 1.5 μm (n = 17), respectively, and the OS diameter is about 4-6 μm. All experiments performed in this study were approved by the International School for Advanced Studies Ethics Committee according to the Italian and European guidelines for animal care (d.l. 116/92; 86/609/C.E.). The frogs were darkadapted overnight, and their eyes were enucleated and hemisected under a dissecting microscope with infrared illumination (wavelength: 820 nm). Isolated and intact rods were obtained by mechanical dissociation and immersed in Ringer's solution containing the following (in millimoles): 110 NaCl, 2.5 KCl, 1 CaCl 2 , 1.6 MgCl 2 , and 3 Hepes-NaOH, 0.01 EDTA, and 10 glucose (pH 7.7-7.8 buffered with NaOH). All chemicals were purchased from Sigma-Aldrich. After dissociation, the sample was transferred into a silanized recording chamber. All experiments were performed at room temperature (22-24°C). All images were acquired using ProgRes Capture Pro v2.8.0 under infrared light (wavelength: 900 nm) using Jenoptic ProgRes MF camera.
Photoresponse Recordings. After mechanical isolation (Fig. 1A and SI Appendix, Fig. S1 ), the IS of an isolated and intact rod was drawn (25) into a silane-coated (17) borosilicate glass electrode (Blaubrand, intramark micropipette) (internal diameter of 4-6 μm) filled with Ringer's solution. Rods were viewed under infrared light (wavelength: 900 nm) using two cameras (Olympus XM10 and Jenoptic ProgRes MF) at two magnifications and stimulated with 491 nm diffuse light (Rapp OptoElectronic), which emerged (Fig. 4A ). (C) As in A but with the TOF touching the middle (orange traces) (Fig. 4B) . (D) As in A, but with the TOF touching the tip (green traces) (Fig. 4C) . (E) Relationship between the light intensity and the T s , measured from the flash until 20% recovery of the current. (F) Relationship between light intensity and the slope of the rising phase of photoresponses; fit with the equation V = V max ·I/(I + K s ) with the following parameters: V max = 27.7, 12.6, 2.5 pA/s (base, middle, and tip, respectively) and K s = 1,100 a.u. (for details about our model and about the meaning of these parameters see SI Appendix, SI Text and Fig. S9 ). (G) Linear relationship between the peak amplitude of evoked photoresponse and V. The light intensity in E and F, which is in arbitrary units (a.u.), is different between diffuse and restricted illuminations. Mean ± SEM; n, number of rods. from the 10× objective of an inverted microscope (Olympus IX71). If the maximal photoresponse was more than 12 pA, then the rod was selected for the experiment. The restricted light was applied using an apertureless TOF coated with gold/titanium (LovaLite, Besançon), and the OS was moved against the tip of the TOF to obtain physical contact, ensuring that the rod and fiber were in the same optical plane. To rule out the possible light scattering during the stimulation at the base of the rod OS, we normally have the TOF tip at a distance from the suction pipette of 3-4 μm. If photoresponses to diffuse lights were identical before and after physical contact, photoresponses to restricted lights were investigated. The recorded photoresponses was similar for green-sensitive (named also principal "red") and for blue-sensitive ("green") rods (64) . The TOF was mounted on a micromanipulator (EXFO motorized manipulator PCS-6000) to allow the movement of the tip along the three axes. Photoresponses to brief light flashes (duration 20 ms at various laser intensities) were recorded as previously described (3, 10, 24, 25) using an Axopatch 200A (Molecular Devices) in voltage clamp mode. The duration of used flashes is shorter than the lifetime of activated rhodopsin (about 40-50 ms) (65) . Fig. 1F shows that with our TOF, we deliver about 1,000 photon/(s × μm 2 ), which implies about 20 photon/μm 2 . With diffuse light the increasing laser intensities correspond to 1, 3, 6, 15, 30, 60, 120, 315, 630, 125, 3 ,100, and 6,300 photoisomerizations (Rh*). Photoresponses in Fig.  4 A-C are from the same rod and the series of flashes delivered by the TOF have the same intensity from dim to bright light corresponding to 3, 5, 15, 25, 50, 130 , and 260 Rh* for base position; 3, 6, 15, 28, 55, 135 , and 280 Rh* for middle; and 2, 5, 12, 25, 50, 115, and 230 Rh* for tip. For the colored traces obtained with apertureless TOFs, the laser power was 5, 10, 20, 50, 100, 200, 500, 1,000, 2,000, 5,000, and 10,000 μW, respectively. The family of light responses obtained from flashes of light delivered by the TOF with an aperture of 1 μm, the laser power was equal to 1, 2, 5, 10, 20, 50, 100, 200, 500, and 1,000 μW, respectively. See figure legends in the main text for details. The current was low-pass filtered at 20 Hz and digitized at 100 Hz. In all of the experiments, a saturating response was periodically measured to confirm the stability of the rod.
Cameras and Laser System. Experiments often require visualization of the sample at different magnification levels. However, changing objectives causes mechanical vibration that in turn may lead to loss of the patch (or stability between rod, suction electrode, and TOF). We therefore developed a dual camera port with different magnification. The layout and the performance of this system is shown in SI Appendix, Fig. S1 . The basic requirements for the system to stimulate the OS of the photoreceptors were (i) stable and reproducible laser power and (ii) the possibility to program pulse trains of arbitrary length with intensities over a broad dynamic range of four to five orders of magnitude. We set up a system consisting of a highly stable continuous 491-nm laser module, an acoustooptic modulator (AOM), a rapid filter wheel with a set of neutral density filters to attenuate the beam, three ports for fiber optics with shutters on each port, a microcontroller, and software to program pulse trains. The AOM served as a rapid switch for the laser and additionally for attenuating the beam over almost two orders of magnitude. The filter wheel was equipped with neutral density filters of OD1, OD2, and OD3. Hence, the dynamic range of the system covered almost five orders of magnitude. Two TOFs and one light guide for diffuse illumination were connected to the fiberoptic ports. 2 )], with M = total magnification = objective magnification*eyepiece magnification (typically 10×). Berek's equation (66) can also be used in camera-based systems as an approximation. However, here the DOF depends on the number of pixels of the camera, the optical magnification of the camera adaptor, and the numerical aperture. As an approximation, for λ = 500 nm, eye-piece magnification for a 10× objective, N.A. 0.25, M = 100, we have ±DOF = 18 μm; and for a 100× objective, N.A. 1.0, M = 1,000, we have ±DOF = 0.6 μm. A further drawback when generating a small spot using the microscope optics is the scattered light from the cone of light along the optical path. In particular with highly light sensitive objects like rod OS, scattered light will distort the measurements. These considerations show that, to have small spots of light in a confined 3D region, the use of apertureless TOFs is highly valuable, if not mandatory. Optical Characterization of Tapered Optical Fiber. The gold on the titanium layer coated apertureless single mode TOF (Au coating 100 nm thickness, N.A. 0.1, internal core diameter, 8 μm) (LovaLite, Besançon) used to stimulate a confined part of a single rod cell was optically characterized by measuring the profile of emitted light in a perpendicular plane as a function of displacement in z direction from its tip by using a scanning near-field optical microscopy system (SNOM) (APE Research). The SNOM head was placed on an inverted optical microscope (Zeiss Axiovert 200), suitable for working in transmission mode. The TOF was attached to a tuning fork that oscillated at its resonance frequency (32 kHz), when the fiber was in the proximity of the sample; shear-forces interactions damped this motion and induced measurable changes in the oscillation amplitude. An electronic feedback system was subsequently used to maintain constant this oscillation amplitude. The fiber-sample distance was modulated by using a piezo-driven z movement that allows moving the sample stage for the characterization of the light exiting from the fiber as a function of distance. For optical measurements, a laser light (wavelength: 491 nm) was coupled to a single-mode optical fiber (Thorlabs) welded to the apertureless TOF. The light emerging from the fiber apex was collected by a 40× objective lens (0.6 N.A.) or a 100× objective lens (0.8 N.A.) located below the sample and detected by a CCD camera (DVC-1412 AM monochrome digital camera QE > 62% at 550 nm). We measured the radius of the spot using the CCD camera and the center of the spot was identified as the brightest pixel. Six to eight line segments were drawn through the center of the spot and for each of these segments we computed the intensity profile. Next, we determined the distance from the center of the spot for which the intensity was at least twice the dark noise measured by the CCD camera. The mean distance obtained from the six to eight segments was taken as the spot radius. We found that light exits also from commercially available apertureless tapered optical fibers, such as shown in SI Appendix, Fig. S2O . When a laser light (491 nm) was fed into these apertureless TOFs the front wave of the exiting light had two main behaviors. In some cases, at distances z between 1 and 10 μm from the TOF apex the wavefront had almost symmetrical rings (SI Appendix, Fig. S2 ) with a light profile reminiscent of a truncated Bessel profile and in other cases the light wavefront was more concentrated around its center with an almost top-hat profile. At distances larger than 20 μm the wavefront diverged and often a brighter ring of light appeared at the border of the profile, as opposed to what is observed in Bessel and Gaussian beams. The width of the front wave of top-hat-like profiles remained confined between 2 and 9 μm for distances up to 10 μm and the light intensity at the center of the wavefront decreased with the distance z as 1/z. These observations suggest that the tapered shape of these optical fibers act as optical components with properties reminiscent of conical lenses, called axicons (67) that transform a Gaussian into a Bessel beam (68, 69) . In some cases at the end of the experiment, we fully characterized the light exiting from the used TOF so to relate properties of the evoked photoresponse to the profile of the light impinging on the rod. Here, the light profile was measured at different distances from the OS and the size and intensity of the spot of light as a function of the distance was measured. The number of photons emitted from the TOF apex increased linearly with the laser power. Focused ion beam (FIB) was used to generate an aperture of about 100-300 nm in its metallic coating at the apex of the TOF used for the experiments in Figs. 1C and 4F.
Simulation of Apertureless Tapered Optical Fiber. To understand the origin of the measured light profiles (Fig. 1) we have investigated, through full 3D numerical simulations, the light profile-or more precisely the electrical fieldemerging from apertureless TOFs with different geometries (SI Appendix, Figs. S3-S6) . We have modeled a TOF as a 3D dielectric cone covered by gold (Au). The overall simulated domain was 15 μm × 15 μm × 15 μm for a resolution down to 10 nm at the Au coating layer. We have analyzed in detail the role of the apex shape and of its angle. There are three main simulated structures: ideal conical apex, rounded conical apex, and cut-edge conical apex. All of the configurations have SiO 2 core material coated with 100 nm of Au. The base of the cone has a radius R = 1 μm. The rounded conical structure shows a SiO 2 radius of curvature of 200 nm. Similarly, the cut-edge cone, has a SiO 2 disc radius r = 200 nm. The incoming light is a Gaussian beam polarized along x direction and impinging along the z direction. We have chosen three different wavelengths, 442 nm, 491 nm (corresponding to the experimental excitation), and 633 nm, to verify the robustness of the fibers under wavelength change. Our numerical simulations indicate some basic relations between the geometrical features of apertureless TOFs and the emitted light profile: (i) for small apex angle, the emitted light profile is dominated by diffraction; (ii) for large apex angle, the emitted light has an axicon-like behavior; and (iii) the apex shape is important for small apex angles, whereas it is "negligible" for large apex angles. These characteristics can be understood by observing the E x and E z amplitude distributions (electric field on the xz plane at about 5 μm from the tip end) at small and large apex angles. It is found that the zero field region associated with the E z component, which is distributed along the cone axis, tends to "collapse" for big apex angles; therefore, field distributions with a large central lobe are expected. The opposite behavior is seen for small apex angles, where the cone tends to reflect the optical behavior of a cylinder undergoing a transversal optical excitation, which provides a zero field region along its axis.
